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If QGP-like medium is created in p-Pb collisions at extremely high collision energies, charm quarks
that move in the medium can hadronize by capturing the co-moving light quark(s) or anti-quark(s) to
form the charm hadrons. Using light quark pT spectra extracted from the experimental data of light
hadrons and a charm quark pT spectrum that is consistent with perturbative QCD calculations, the
central-rapidity data of pT spectra and the spectrum ratios for D mesons in the low pT range (pT . 7
GeV) in minimum-bias p-Pb collisions at
√
sNN = 5.02 TeV are well described by quark combination
mechanism in equal-velocity combination approximation. The Λ+c /D
0 ratio in quark combination
mechanism exhibits the typical increase-peak-decrease behavior as the function of pT , and the shape
of the ratio for pT & 3 GeV is in agreement with the preliminary data of ALICE collaboration in
central rapidity region −0.96 < y < 0.04 and those of LHCb collaboration in forward rapidity region
1.5 < y < 4.0. The global production of single-charm baryons is quantified using the preliminary
data and the possible enhancement (relative to light flavor baryons) is discussed. The pT spectra
of Ξ0c , Ω
0
c in minimum-bias events and those of single-charm hadrons in high-multiplicity event
classes are predicted, which serves as the further test of the possible change of the hadronization
characteristic for low pT charm quarks in the small system created in p-Pb collisions at LHC energies.
PACS numbers: 13.85.Ni, 25.75.Nq, 25.75.Dw
I. INTRODUCTION
Quark–gluon plasma (QGP) in which quarks and glu-
ons are deconfined is a new state of the matter of QCD
[1], which is significantly different from the normal nu-
clear matter. Ultra-relativistic heavy-ion collisions are
served as the main experimental approach to study the
creation and property of this new state of matter. How-
ever, recent ALICE and CMS experiments find with
great surprise that the production of hadrons in high-
multiplicity p-Pb and pp collisions at LHC exhibits a
series of remarkable similarities with that in heavy-ion
collisions where QGP is created. These striking observa-
tions include long range angular correlations [2, 3] and
collectivity [4–6], enhanced strangeness [7, 8] and en-
hanced baryon to meson ratio at low transverse momen-
tum [9, 10], etc. In heavy ion collisions these phenom-
ena are usually attributed to the creation of QGP. The-
oretical explanations on these striking observations in
small collision systems usually focus on the creation of
mini-QGP or phase transition [11–16], multiple parton
interaction [17], color re-connection and string overlap at
hadronization [18–21], etc. In the latest work [22], we
found that the experimental data of transverse momen-
tum (pT ) spectra for φ, Ω
−, Ξ∗ (1530), K∗ (892) and other
identified hadrons in the low pT range (pT . 8 GeV) in p-
Pb collisions at
√
sNN = 5.02 TeV exhibit an interesting
constituent quark number scaling. Such scaling behav-
ior indicates the change of hadronization characteristic
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in low pT range from the traditional string/cluster frag-
mentation to the quark (re-)combination mechanism in
light (up, down, strange) sector, and is a possible signa-
ture for the formation of small dense parton medium in
collisions.
In this paper, we take the pT spectra of single-charm
hadrons containing only a charm or anti-charm quark as
another probe for the property of the soft parton system
created in p-Pb collisions at
√
sNN = 5.02 TeV, and we
study the quark (re-)combination hadronization for low
pT charm quarks. This is mainly motivated by the fact
that, even though the production of charm quarks is the
perturbative QCD process by the initial hard collisions
of partons in the incoming nucleons, the hadronization
of charm quarks is dependent on the surrounding parton
environment. At hadronization, if the charm quark is
surrounded by the medium with relatively abundant soft
partons, the charm quark can pick up a light antiquark
or two light quarks co-moving with it to form a heavy
flavor hadron, where the momentum characteristic is the
combination pH = pc + pq¯,qq. Otherwise, in the case of
the lack of the co-moving neighbor partons, it will color
neutralize by connecting with the faraway parton(s) and
fragment into the charm hadron of momentum pH = xpc
with x < 1. This different characteristic of hadroniza-
tion will be reflected by the pT spectra of charm hadrons
in the low pT range. We study such possible change of
hadronization characteristic by focusing on the pT spec-
tra of mesons D±,0, D+s and D
∗, baryons Λ+c , Ξ
0
c and Ω
0
c ,
and in particular the ratios among them.
The paper is organized as follows: Sec. II will intro-
duce a working model in quark (re-)combination mech-
anism for charm quark hadronization. Sec. III presents
our results and relevant discussions. Summary is given
2at last in Sec. IV.
II. CHARM QUARK HADRONIZATION IN
QCM
The (re-)combination of heavy quarks with surround-
ing light quarks and antiquarks has been suggested in
early 1980s [23–25], and has successfully explained the
flavor asymmetry of D mesons at forward rapidities
in hadronic collisions through recombination of charm
quarks with valence and/or sea quarks from projectile
[26–28]. The (re-)combination mechanism is also phe-
nomenologically successful in heavy-ion collisions [29–36],
where the QGP provides a natural source of thermal light
quarks and antiquarks to color-neutralize heavy quarks
at hadronization. As the aforementioned discussions, if
the small dense quark matter is created in p-Pb collisions
at LHC energies, the low-pT charm quarks will prefer to
pick up the co-moving light quarks or antiquarks to form
the charm hadrons. In this section, we present a work-
ing model for the production of single-charm hadrons in
the low pT range in quark (re-)combination mechanism
(QCM) in momentum space.
A. formulism in momentum space
For a charm meson Mcl¯ composed of a c and a light
antiquark l¯, and a charm baryon Bcll′ composed of a c
and two light quarks l l′, their momentum distributions
in QCM, as formulated in e.g. [37] in general, can be
obtained by
fMcl¯(p) =
∫
dp1dp2fcl¯(p1, p2)RMcl¯(p1, p2; p), (1)
fBcll′ (p) =
∫
dp1dp2dp3fcll′(p1, p2, p3)RBcll′ (p1, p2, p3; p).
(2)
Here, fcl¯(p1, p2) is the joint momentum distribution for c
and l¯. RMcl¯(p1, p2; p) is the combination function that is
the probability density for a given cl¯ with momenta p1,
p2 combining into a meson Mcl¯ with momentum p. It is
similar for baryons.
Considering the perturbative nature of charm quark
production, we assume the momentum distribution of
charm quarks is independent of those of light quarks. If
we also take independent distributions for light quarks of
different flavors, we have
fcl¯(p1, p2) = Ncl¯f
(n)
c (p1)f
(n)
l¯
(p2), (3)
fcll′(p1, p2, p3) = Ncll′f
(n)
c (p1)f
(n)
l (p2)f
(n)
l′ (p3). (4)
Here we have defined the normalized momentum distri-
bution f
(n)
c (p) with
∫
dpf
(n)
c (p) = 1 and Nc is charm
quark number. It is similar for f
(n)
l (p) and Nl. The
number of quark-antiquark pair reads as Ncl¯ = NcNl¯
and the three-quark combination Ncll′ = NcNll′ with
Nll′ = Nl (Nl′ − δl,l′). δl,l′ is Kronecker delta function.
The combination function contains the key informa-
tion of hadronization. In sudden hadronization approx-
imation, it is determined by the overlap between the
wave function of quarks and that of the hadron or by
the Wigner function of the hadron [29, 31, 38]. However
considering the non-perturbative nature of hadroniza-
tion, beyond such approximation will be more realistic
but in such case we do not know the precise form of the
combination function from the solid QCD phenomenol-
ogy. Therefore, here we only take the most basic char-
acteristic of the combination — the combination mostly
happens for quarks and antiquarks that are neighboring
in momentum space. We suppose the combination takes
place mainly for the quark and/or antiquark which has a
given fraction of momentum of the hadron, and we write
the combination function
RMcl¯(p1, p2; p) = κMcl¯
2∏
i=1
δ(pi − xip), (5)
RBcll′ (p1, p2, p3; p) = κBcll′
3∏
i=1
δ(pi − xip), (6)
where κMcl¯ and κBcll′ are constants independent of p.
We adopt the approximation of equal transverse velocity
in combination, or called co-moving approximation for
heavy quark hadronization. Because the velocity is v =
p/E = p/γm, equal velocity implies pi = γvmi ∝ mi
which leads to
xi = mi/
∑
j
mj , (7)
where quark masses are taken to be the constituent
masses in the quark model. Specifically, we take mu =
md = 0.33 GeV, ms = 0.5 GeV, and mc = 1.5 GeV so
that the mass and momentum of the hadron can be prop-
erly generated by the combination of these constituent
quarks and antiquarks. We emphasize that such equal
velocity approximation is shown to be quite effective in
light sector in our previous work [22] where the data of pT
spectra for identified hadrons such as p, Λ, Ξ, Ω, φ, K∗,
Ξ∗, and Σ∗ in p-Pb collisions at
√
sNN = 5.02 TeV can
be well explained by a up/down quark spectrum fu (pT )
and a s quark spectrum fs (pT ) at hadronization. For
charm hadrons, although the charm quark carries the ma-
jor part of the momentum of the hadron, light constituent
quarks also influence explicitly the momentum distribu-
tion of the charm hadron, which can be clearly seen from
spectrum ratios such as Ds/D, Λ
+
c /D and Ω
0
c/D, etc.
Substituting Eqs. (5-6) and (3-4) into Eqs. (1-2), we
have
fMcl¯(p) = Ncl¯ κMcl¯f
(n)
c (x1p)f
(n)
l¯
(x2p), (8)
fBcll′ (p) = Ncll′κBcll′f
(n)
c (x1p)f
(n)
l (x2p)f
(n)
l′ (x3p). (9)
3By defining the normalized meson distribution
f
(n)
Mcl¯
(p) = AMcl¯f
(n)
c (x1p) f
(n)
l¯
(x2p) , (10)
where A−1Mcl¯ =
∫
dp f
(n)
c (x1p) f
(n)
l¯
(x2p), and the normal-
ized baryon distribution
f
(n)
Bcll′
(p) = ABcll′ f
(n)
c (x1p) f
(n)
l (x2p) f
(n)
l′ (x3p) , (11)
where A−1Bcll′ =
∫
dp
∏3
i=1 f
(n)
qi (xip), we finally obtain the
following expressions for charm hadrons
fMcl¯ (p) = NMcl¯ f
(n)
Mcl¯
(p) , (12)
fBcll′ (p) = NBcll′ f
(n)
Bcll′
(p) , (13)
with yields
NMcl¯ = Ncl¯
κMcl¯
AMcl¯
= Ncl¯Pcl¯→Mcl¯ , (14)
NBcll′ = Ncll′
κBcll′
ABcll′
= Ncll′Pcll′→Bcll′ . (15)
We see that Pcl¯→Mcl¯ ≡ κMcl¯/AMcl¯ has the proper phys-
ical meaning, i.e., the momentum-integrated combina-
tion probability for cl¯ → Mcl¯. Similarly Pcll′→Bcll′ ≡
κBcll′ /ABcll′ denotes the momentum-integrated combina-
tion probability for cll′ → Bcll′ .
The combination probabilities Pcl¯→Mcl¯ and Pcll′→Bcll′
can be determined with a few parameters. We use NMc
to denote the total number of all charm mesons contain-
ing one charm constituent. Ncq¯ = Nc (Nu¯ +Nd¯ +Ns¯) is
the possible number of all charm-light pairs. NMc/Ncq¯
is then used to estimate the average probability of a cq¯
forming a charm meson. For a specific combination cl¯, it
can have different JP states. In this paper we consider
only the pseudo-scalar mesons JP = 0−(D+, D0 and
D+s ) and vector mesons J
P = 1− (D∗+, D∗0 and D∗+s )
in the ground state. We introduce a parameter RV/P to
denote the relative ratio of vector meson to pseudo-scalar
meson of the same flavor composition. Then the yield of
a specific kind of charm mesons Mi,cl¯ is
NMi,cl¯ = CMi,cl¯Ncl¯
NMc
Ncq¯
, (16)
with
CMi,cl¯ =
{
1
1+RV/P
forJP = 0−mesons
RV/P
1+RV/P
forJP = 1−mesons.
(17)
By counting polarization states a naive estimation of
RV/P is 3.0. However, the mass of the hadron will in-
fluence the formation probability in the sense that the
lower mass denotes the lower energy level for the bound
state formation and means preferable formation. Here,
we consider the effective thermal weight used in [39, 40]
as a guideline and take RV/P = 1.5 in this paper.
Baryon formation probability Pcll′→Bcll′ is obtained
similarly. We use NBc to denote the total number of
all charm baryons containing one charm quark. Ncqq =
NcNqq = NcNq (Nq − 1) with Nq = Nu+Nd+Ns denotes
the possible number of all cqq combinations. NBc/Ncqq
estimates the average probability of the cqq forming a
charm baryon. For a specific cll′ combination with num-
ber Ncll′ , the averaged number of the formed baryons
is Niter,ll′Ncll′
NBc
Ncqq
. Here, Niter,ll′ is the iteration num-
ber of ll′ pair and is taken to be 1 for l = l′ and 2
for l 6= l′. The appearance of this factor is due to the
possible double counting in Nqq, e.g. NuNd appears
twice in Nqq. We consider the production of single-charm
baryons in triplet (Λ+c ,Ξ
+
c ,Ξ
0
c) with J
P = (1/2)
+
, in sex-
tet
(
Σ0c , Σ
+
c , Σ
++
c , Ξ
′0
c , Ξ
′+
c , Ω
0
c
)
with JP = (1/2)+, and
in sextet
(
Σ∗0c , Σ
∗+
c , Σ
∗++
c , Ξ
∗0
c , Ξ
∗+
c , Ω
∗0
c
)
with JP =
(3/2)
+
, respectively, in the ground state. We intro-
duce a parameter RS1/T to denote the relative ratio of
JP = (1/2)
+
sextet baryons to JP = (1/2)
+
triplet
baryons of the same flavor composition, and a parameter
RS3/S1 to denote that of J
P = (3/2)
+
sextet baryons
to JP = (1/2)
+
sextet baryons of the same flavor com-
position. We also take the effective thermal weight as
a guideline and take RS1/T = 0.5 and RS3/S1 = 1.5,
respectively.
Finally, the yield of a specific kind of charm baryons
NBi,cll′ is
NBi,cll′ = CBi,cll′Niter,ll′Ncll′
NBc
Ncqq
, (18)
where CBi,cll′ is the production weight according to two
parameters RS1/T and RS3/S1. For ll
′ = uu, dd, ss,
CBi,cll′ =
{
1
1+RS3/S1
forΣ++c ,Σ
0
c , Ω
0
c
RS3/S1
1+RS3/S1
forΣ∗++c ,Σ
∗0
c , Ω
∗0
c .
(19)
For ll′ = ud, us, ds,
CBi,cll′ =


1
1+RS1/T (1+RS3/S1)
forΛ+c , Ξ
0
c , Ξ
+
c
RS1/T
1+RS1/T (1+RS3/S1)
forΣ+c , Ξ
′0
c , Ξ
′+
c
RS1/TRS3/S1
1+RS1/T (1+RS3/S1)
forΣ∗+c , Ξ
∗0
c , Ξ
∗+
c .
(20)
We note that after taking the strong and electromagnetic
decays into account, yields and momentum spectra of
final-state Λ+c , Ξ
0
c and Ω
0
c which are usually measured in
LHC experiments are not sensitive to parameters RS1/T
and RS3/S1.
The single-charm mesons and baryons consume most
of charm quarks and antiquarks produced in collisions.
A rough estimation gives the relative ratios of multi-
charm hadrons to single-charm hadrons are only about
NMcc¯/NMc ∼ Nc/Nq . 0.01 and NBcc/NBc ∼ Nc/Nq .
0.01. Therefore, we have the following approximation to
4single-charm hadrons
NMc +NBc ≈ Nc. (21)
Here we treat the ratio R
(c)
B/M ≡ NBc/NMc as a param-
eter of the model, which globally characterizes the rela-
tive production of single-charm baryons to single-charm
mesons.
Some discussions on the present model in contrast
with other popular (re-)combination/coalescence mod-
els applied in relativistic heavy-ion collisions [29, 38, 41]
are necessary. In essence, our model is a statistical
hadronization method based on the constituent quark de-
grees of freedom, in which unclear non-perturbative dy-
namics such as the selection of different spin states and
the formation competition between baryon and meson in
quark combination are treated as model parameters. In
addition, it is still unclear at present for the geometri-
cal or spatial structure of the soft parton system in p-Pb
collisions at LHC, and therefore we do not consider the
spatial distributions of quarks at hadronization in the
present working model. These points are main differ-
ence from those (re-)combination/coalescence models in
terms of Wigner function method applied in relativistic
heavy-ion collisions [29, 38, 41].
On the other hand, in the study the possible creation
of deconfined quark matter, results of QCM are usually
compared with those of (string) fragmentation mecha-
nism. Because parameters that control the production
weight for different spin states in hadron production such
as RV/P and RS3/S1 also exist somehow in string frag-
mentation, the key phenomenological difference between
two classes of hadronization mechanism, in our opin-
ion, lies in the kinetic characteristic in momentum space,
which will, for example, obviously exhibit in the ratio of
baryons to mesons as the function of pT .
B. pT spectra of constituent quarks at
hadronization
In this paper we study the production of single-charm
hadrons at specific rapidities and we apply the formu-
las in the previous section to the one-dimensional pT
space. The pT distributions of quarks and antiquarks
at hadronization are inputs of the model. The pT distri-
butions of light constituent quarks in the low pT range
are unavailable from the first-principle QCD calculations.
However, we can extract them from the data of pT spec-
tra of identified hadrons in QCM in the equal-velocity
combination approximation. For example, as formulated
in Refs. [22, 42] which is similar to Eq. (8), the pT
spectrum of φ is related to that of s quarks
fφ (2pT ) = Nss¯κφ
[
f (n)s (pT )
]2
, (22)
where κφ is a constant independent of momentum. We
can extract f
(n)
s (pT ) using the data of φ. f
(n)
s (pT ) =
f
(n)
s¯ (pT ) is assumed at LHC energies due to the charge
conjugation symmetry. The iso-spin symmetry between
u and d as well as the charge conjugation symmetry be-
tween u and u¯ are assumed, so f
(n)
u (pT ) = f
(n)
d (pT ) =
f
(n)
u¯ (pT ) = f
(n)
d¯
(pT ), which can be extracted from the
spectrum of K∗ by the relation
fK∗0 ((1 + r) pT ) = Nds¯ κK∗0 f
(n)
s¯ (rpT ) f
(n)
d (pT ) (23)
with the extracted f
(n)
s (pT ) and r = ms/mu if the data
of K∗ are available. Otherwise, it can be extracted from
the data of proton after subtracting the decay influence.
The number of s quarks and that of u or d quarks are
fitted from the data of hadronic yields in QCM.
We have obtained these information of light quarks
at hadronization in different multiplicity classes in p-Pb
collisions at
√
sNN = 5.02 TeV in previous work [22],
which is shown in Fig. 1 as the input of the present
work. The pT spectra of light quarks in minimum-bias
events are also shown.
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Figure 1. The pT spectra of light quarks at mid-rapidities in p-
Pb collisions at
√
sNN = 5.02 TeV. The pT -integrated number
densities dN/dy of u and s quarks are (24.6,8.8), (19.7,7.0),
(16.0,5.6), (12.2,4.2), and (8.6,2.9) in event classes 0-5%, 5-
10%, 10-20%, 20-40%, and minimum-bias events, respectively.
The pT spectrum of charm quarks is calculable in
perturbative QCD. Here, we take the calculation of
the Fixed-Order Next-to-Leading-Logarithmic (FONLL)
[43, 44] in pp collisions at
√
s = 5.02 TeV as the guide-
line. In Fig. 2, we show the normalized pT distribution
of charm quarks, which is obtained from the online cal-
culation of FNOLL[45]. The points with the line are
center values of FONLL and the shadow area shows the
scale uncertainties, see Refs. [43, 44] for details. The un-
certainty of parton distribution functions (PDFs) is not
included. We see that the theoretical uncertainty is large
for the spectrum of charm quarks at low pT . If we directly
use this spectrum, our results of charm hadrons also have
large uncertainties and the comparison with the data will
be less conclusive. Therefore we only take the calculation
of FONLL as an important guideline. The practical pT
spectrum of charm quarks used in this paper is extracted
by fitting the data of D∗+ mesons [46, 47] in QCM and
is shown as the thick solid line in Fig. 2. We see that
5the extracted spectrum is very close to the center points
of FONLL calculation for pT & 1.5 GeV and excesses the
latter to a certain extent for lower pT .
 (GeV)Tp
0 1 2 3 4 5 6 7 8
-
1
dy
) (
Ge
V/
c)
T
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/(d
p
2−10
1−10
1 ) FONLLT(p
(n)
c  f
used in QCM
Figure 2. The normalized pT spectrum of charm quarks in
rapidity region −0.96 < y < 0.04. The points with the line
are center values of FONLL calculation [43, 44] in pp collisions
at
√
s = 5.02 TeV and the shadow area shows the theoretical
uncertainty. The solid line is the spectrum extracted from the
data of D∗+ mesons [46, 47] using QCM.
III. COMPARISON WITH DATA AND
DISCUSSIONS
In this section, we use the above working model to
describe the available data of the pT spectra of D mesons
and Λ+c baryon in central and forward rapidity regions in
minimum-bias p-Pb collisions at
√
sNN = 5.02 TeV. We
study to what extent these data are described by QCM,
and discuss what information on the hadronization of low
pT charm quarks can be extracted from these data. We
give the prediction of other single-charm baryons Ξ0c and
Ω0c as well as the pT spectra of D mesons, Λ
+
c , Ξ
0
c and Ω
0
c
baryons in different multiplicity classes in p-Pb collisions
at
√
sNN = 5.02 TeV for the further test of the model.
A. D meson spectra and spectrum ratios
In Fig. 3, we show the differential cross sections of D
mesons as the function of pT in central rapidity region
−0.96 < y < 0.04 in minimum-bias p-Pb collision at√
sNN = 5.02 TeV. Symbols are experimental data [46,
47] and lines are results of QCM. The data of D∗+ are
used to determine the pT spectrum of charm quarks at
hadronization. The normalized charm quark spectrum
f
(n)
c (pT ) was shown in Fig. 2. The pT -integrated cross
section of charm quarks dσc/dy can be extracted from
the D∗+ cross section by
dσc
dy
= (2 + λs)
(
1 +R
(c)
B/M
)(
1 +
1
RV/P
)
dσD∗+
dy
. (24)
Here, λs ≡ dσsdy / dσudy = dNsdy / dNudy is the strangeness sup-
pression factor and is about 0.34 ± 0.01 in p-Pb col-
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Figure 3. Differential cross sections of D mesons as the func-
tion of pT in central rapidity region −0.96 < y < 0.04 in
minimum-bias p-Pb collisions at
√
sNN = 5.02 TeV. Symbols
are experimental data [46, 47] and lines are results of QCM.
lisions [48]. RV/P is taken to be the thermal-weight
value 1.5. R
(c)
B/M is 0.26, which is the extrapolation from
the production of light flavor hadrons and will be dis-
cussed in the next subsection. The extracted dσc/dy ≈
158mb is consistent with the experimental estimation
151 ± 14(stat)+13−26(syst) mb [47]. In addition, the re-
sulting dσD0/dy = 76.0 mb is also consistent with the
experimental estimation 79.0 ± 7.3 (stat)+7.1−13.4 (syst) mb
[47].
In Fig. 3, we see that results of QCM are in good
agreement with the data for pT . 7 GeV but are smaller
than the data for high momenta pT & 8 GeV. This is rea-
sonable. Supposing the existence of the parton medium
with ample (dozens of) quarks and antiquarks with soft
momenta pTl . 2 GeV, during moving in the medium
the perturbatively-created charm quark with momentum
pT,c . 5 GeV has many potential co-moving light quarks
or antiquarks and it can pick up one of them to form the
single-charm hadron. For the hadron formation at high
momentum pT & 8 GeV, if it hadronizes still by combi-
nation, a charm quark with pT,c & 6 GeV should find out
or occur the co-moving light quarks with pT,l & 2 GeV
which numbers drop rapidly. In this case the combina-
tion is not the dominated channel and the fragmentation
will take over.
In Fig. 4, we show results for the ratios of differential
cross sections for D mesons as the function of pT . Sym-
bols are experimental data [46, 47] and lines are results
of QCM. The sawtooth behavior in our results is due
to the finite statistics. Our results of D+/D0, D∗+/D0
and D+s /D
0 are in good agreement with the data. The
comparison for D+s /D
+ is not conclusive.
The pT -integrated cross section dσ/dy and the aver-
aged transverse momenta 〈pT 〉 of theD mesons are shown
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Figure 4. Ratios of differential cross sections for D mesons
as the function of pT in central rapidity region −0.96 < y <
0.04 in minimum-bias p-Pb collisions at
√
sNN = 5.02 TeV.
Experimental data are taken from [46, 47]. The sawtooth of
QCM results is due to the finite statistics.
in Table I. Several ratios of the charm-hadron cross sec-
tions are interesting. Using Eqs. (16) and taking the
strong and electromagnetic decay contribution into ac-
count, we obtain the ratios of cross sections for D mesons
D+
D0
=
1 + 0.323RV/P
1 + 1.677RV/P
≈ 0.42, (25)
D∗+
D0
=
RV/P
1 + 1.677RV/P
≈ 0.43, (26)
D+s
D0
=
1 +RV/P
1 + 1.677RV/P
λs ≈ 0.24, (27)
D+s
D0 +D+
=
1
2
λs ≈ 0.17, (28)
where we have used λs = 0.34±0.01 in p-Pb collisions [48]
and RV/P = 1.5. We see that results of D
+/D0, D∗+/D0
and D+s /D
0 are consistent with the observation in low
pT range in Fig. 4. In addition, ratio D
+
s /
(
D0 +D+
)
is only dependent on the λs in QCM and therefore is a
potentially interesting measurement.
We note that these pT spectra and spectrum ratios of
D mesons in p-Pb collisions at
√
sNN = 5.02 TeV can be
explained by perturbative-QCD calculations with frag-
mentation functions [49, 50] within the theoretical uncer-
tainties. The physical importance of our results is that we
provide another kind of understanding for these data. We
emphasize two points in our method (1) the mid-rapidity
pT spectra of light-flavor quarks in the low pT range
Table I. The pT -integrated cross sections dσ/dy and 〈pT 〉 of
D mesons in minimum-bias p-Pb collisions at
√
sNN = 5.02
TeV.
D0 D+ D+s D
∗+
dσ
dy
(mb) 76.0 31.2 17.7 32.0
〈pT 〉(GeV/c) 2.20 2.28 2.34 2.32
are extracted from the data of light-flavor hadrons using
quark combination mechanism; (2) the used pT spectrum
of charm quarks is consistent with perturbative-QCD cal-
culations. Therefore, our results suggest a possibly uni-
versal picture for the production of light and heavy flavor
hadrons in low pT range at the hadronization of the small
parton system in p-Pb collisions at LHC energies.
B. Λ+c /D
0 ratio as the function of pT
The production of baryons is sensitive to the
hadronization mechanism. In particular, the ratio of
baryon to meson as the function of pT is usually served
as an effective probe of the hadron production mecha-
nism. The enhancement of the baryon/meson ratios at
“intermediate” pT (2 > pT > 5 GeV) is a characteris-
tic behavior of QCM. In experiments, the enhancement
of the ratios for light-flavor hadrons such as p/pi, Λ/K0s
and Ω/φ has been observed many times in relativistic
heavy-ion collisions [51–55], and it is also recently ob-
served in p-Pb collisions at LHC energies [9]. The pre-
liminary data of the Λ+c /D
0 ratio in central rapidity re-
gion (-0.96<y<0.04) in p-Pb collisions at
√
sNN = 5.02
TeV are recently reported by ALICE collaboration, which
also show a significant enhancement [56]. In addition,
LHCb collaboration also presents the preliminary data of
Λ+c /D
0 ratio at forward and backward rapidities, which
show the similar enhancement and further indicate the
nontrivial pT dependence of the ratio. In this subsec-
tion, we use QCM to understand these preliminary data
of the Λ+c /D
0 ratio.
Firstly, we briefly discuss the preliminary data of the
Λ+c /D
0 ratio at LHC in central and forward rapidity re-
gions and some existing theoretical predictions. The pre-
liminary data of Λ+c /D
0 ratio in central rapidity region
(−0.96 < y < 0.04) in p-Pb collisions at √sNN = 5.02
TeV [56], solid squares, are shown in Fig. 5(a). Here, the
data of pp collisions at midrapidity (|y| < 0.5) at √s = 7
TeV, open circles, are also shown as another reference
of the ratio at LHC energies, which are consistent with
the data of p-Pb collisions. These data show the ratio
Λ+c /D
0 at LHC energies reaches about 0.5 in pT range
(2 . pT . 5 GeV) and seems to decrease with the pT
as pT & 2 GeV. The predictions from popular event gen-
erators PYTHIA8 [57], DIPSY [19], and HERWIG [58]
are also shown in Fig. 5(a) with different kinds of lines.
These event generators adopt the string or cluster frag-
7mentation to describe the hadronization. We see that
predictions of DIPSY, HERWIG and PYTHIA8 without
color re-connection give the Λ+c /D
0 ratio of about 0.1
which is significantly smaller than the data and give a
slightly increasing tendency with pT . Considering the
color re-connection effects in PYTHIA8 [21] can increase
the ratio up to about 0.3 and give the decreasing ten-
dency with pT . In Fig. 5(b), the preliminary data of
Λ+c /D
0 ratio in forward rapidity region 1.5 < y < 4.0
in p-Pb collisions at
√
sNN = 5.02 TeV are shown. The
data in forward rapidity region show the Λ+c /D
0 ratio in
pT range (2 . pT . 5 GeV) is about 0.36 which is smaller
than that in central rapidity region. The data show the
Λ+c /D
0 ratio decreases with pT as pT & 3 GeV but the
first data point at 2.5 GeV is relatively smaller than the
peak and therefore may indicate the possible decrease
of the ratio at smaller pT . NLO theoretical predictions
[59, 60] with parton distribution functions EPS09LO,
EPS09NLO and nCTEQ15 are shown in Fig.5(b) as dif-
ferent kinds of lines, which have the proper magnitude
for the ratio in pT range (2 . pT . 5 GeV) but give the
slightly increasing tendency with pT .
After the above discussions, we conclude that two fea-
tures of the Λ+c /D
0 ratio, i.e., the magnitude of the ratio
in 2 . pT . 5 GeV range and the pT dependence of the
ratio (i.e., ratio shape), are key test for the theoretical
models. In QCM, the baryon/meson ratio usually ex-
hibits an enhancement at “intermediate” pT and the pT
dependence of the ratio is non-monotonic, i.e., the ratio
increases at small pT and peaks at pT ∼ 2 − 3 GeV and
then decreases at larger pT . For the pT dependence of the
Λ+c /D
0 ratio, we can see this typical behavior from the
ratio of directly produced Λ+c and D
0. The extracted pT
spectra of light quarks and charm quarks at hadroniza-
tion in minimum-bias events shown in Figs. 1 and 2 can
be parameterized by the following form [62]
f (n)q (pT ) = Aq
√
pT exp [P4,q (pT )] , (29)
where P4,q (pT ) is the polynomial of degree four and is
taken to be
P4,u (pT ) = −2.098pT−0.1508p2T+0.1807p3T−0.02684p4T
(30)
for u quarks in pT range [0,3] GeV and
P4,c (pT ) = −0.02778pT−0.1919p2T+0.02197p3T−0.0008230p4T
(31)
for c quarks in pT range [0,10] GeV, respectively. Aq is
the normalization. Following Eqs. (8) and (9), the ratio
of directly produced Λ+c to directly produced D
0 is
fΛ+c (pT )
fD0 (pT )
=
NcudκΛ+c f
(n)
c
(
mc pT
mc+2mu
) [
f
(n)
u
(
mu pT
mc+2mu
)]2
Ncu¯κD0f
(n)
c
(
mc pT
mc+mu
)
f
(n)
u
(
mu pT
mc+mu
)
≈ 1.15NΛ+c
ND0
√
pT e
−
pT (1− pT19.1 )
(
( pT−3.028.15 )
2
+1
)
4.38 .
(32)
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Figure 5. The Λ+c /D
0 ratio as the function of pT in minimum-
bias p-Pb collisions at
√
sNN = 5.02 TeV. Symbols are prelim-
inary data of ALICE and LHCb collaborations in central and
forward rapidity regions [56, 61]. Lines in panels (a) and (b)
are results of models or event generators which adopt the frag-
mentation hadronization and are taken from [56, 61]. Lines
(with band) in panels (e-f) are QCM results.
We see that the pT dependence of the ratio is controlled
by two terms. The first term is
√
pT which increases the
ratio with pT . The second term is the exponential term
which monotonically decreases with pT . The competition
between two terms leads to that the ratio increases at
small pT and then reaches the peak at pT ≈ 3 GeV and
decreases for larger pT . Taking the decay contribution
into account only slightly changes the shape of the ratio.
In heavy-ion collisions, the light quark spectra at low
pT exhibit the thermal feature, i.e. fl (pT ) = dn/dpT ∝
pT exp[−
√
p2T +m
2/T ]. Therefore, the first term that
controls the increase of the baryon/meson ratio is pT in-
stead of
√
pT and the ratio can reach higher peak value at
“intermediate” pT in heavy-ion collisions, which had been
observed for light-flavor hadrons such as p/pi, Λ/K0s and
Ω/φ [51–55].
The Λ+c /D
0 spectrum ratio in Eq. (32) is also influ-
enced by the yield ratio NΛ+c /ND0 which describes the
global production of Λ+c relative to D
0. We illustrate
8this point by the ratio of the pT -integrated cross section
of Λ+c to that of D
0. Using Eqs. (16) and (18) and tak-
ing the strong and electromagnetic decays into account
we have
Λ+c
D0
=
4 12+λs
1+1.677RV/P
1+RV/P
R
(c)
B/M = 1.215R
(c)
B/M , (33)
where λs = 0.34 and RV/P = 1.5 are taken. We see that
the ratio is directly influenced by the parameter R
(c)
B/M
which quantifies the production competition of single-
charm baryons to mesons at hadronization. Because of
the difficulty of non-perturbative QCD, R
(c)
B/M can not
be determined by first-principle calculations and here we
treat it as the parameter of the model.
The bands in Fig. 5 (c) and (e) are our results of
Λ+c /D
0 ratio and Λ+c spectrum as the function of pT us-
ing the light quark spectra in Fig. 1 and charm quark
spectrum in Fig. 2 with R
(c)
B/M = 0.425 ± 0.25. We see
that the shape of the ratio and that of Λ+c spectrum in
3 . pT . 7 GeV range are consistent with the data in
central rapidity region (−0.96 < y < 0.04). We also
use a u quark spectrum fu (pT ) and a charm quark spec-
trum fc (pT ) to fit the data of pT spectra of Λ
+
c and
D0 at forward rapidities 1.5 < y < 4.0 and results with
R
(c)
B/M = 0.29 are shown in Fig. 5 (f). Here we note that
the extracted fc (pT ) is also very close to the center val-
ues of FONLL calculation at forward rapidities [43, 44].
The result of Λ+c /D
0 ratio at forward rapidities is shown
in Fig. 5 (e). We see that the data of pT spectra of Λ
+
c
and D0 and their ratio in 3 . pT . 7 GeV range can be
well fitted by QCM.
In addition, we find that, except the difference in global
magnitude due to R
(c)
B/M , the shape of Λ
+
c /D
0 ratio with
respect to pT at forward rapidities 1.5 < y < 4.0 is very
close to that in central rapidity region (−0.96 < y < 0.04)
in our model. This is because of the following reasons
which can be seen from Eq. (32). Since the charm quark
carry most of momenta of the Λ+c and D
0 in QCM, the
change of charm quark spectrum at different rapidities
is largely canceled in Λ+c /D
0 ratio. In addition, the mo-
menta of light quarks that take part in the formation
of Λ+c and D
0 are usually pT . 2 GeV. The change of
light quark spectra for pT . 2 GeV at different rapidi-
ties is not significant and is only weakly passed to the
ratio because the light (anti-)quarks carry small fraction
of momenta of the Λ+c and D
0. This is different from
that in light-flavor hadrons where the baryon/meson ra-
tios have nontrivial dependence on the change of quark
spectra because there each quark carries similar fraction
of the momenta of the formed hadrons due to the similar
constituent quark masses.
An important result in the above fitting is that we ex-
tract R
(c)
B/M = 0.425± 0.25 in central rapidity region and
R
(c)
B/M = 0.29 in forward rapidity region 1.5 < y < 4.0.
The parameter R
(c)
B/M characterizes the relative produc-
tion of single-charm baryons to single-charm mesons as
the charm quark hadronizes. There are two striking prop-
erties for the extracted R
(c)
B/M . First, we see a large differ-
ence between R
(c)
B/M in central rapidity region and that in
forward rapidity region. This is somewhat puzzling. For
light-flavor hadrons, the ratios of baryons to mesons such
as p/pi and Λ/K0s yield ratios at LHC energies are rela-
tively stable at different system sizes and in different ra-
pidity regions [8, 48, 51, 52, 63, 64]. Models or event gen-
erators based on string or cluster fragmentation also usu-
ally predict the stable baryon/meson yield ratios as the
function of rapidity [19, 21, 57]. In addition, the prelimi-
nary data of LHCb collaboration [61] show Λ+c /D
0 ratio
is stable at different forward and backward rapidities.
Second, the extracted R
(c)
B/M is larger than that extrap-
olated from light-flavor hadrons. If we suppose that the
baryon-meson production competition in the formation
of single-charm hadrons is the same as that in the for-
mation of light-flavor hadrons, we have the relative ratio
R
(c)
B/M ≈ 3R
(l)
B/M = 0.26. Here, R
(l)
B/M ≡ NB(lll)/NM(ll¯) is
the ratio of light-flavor baryons to mesons and is about
0.086 by fitting the data of light-flavor hadrons in our
previous work [48]. The factor 3 counts the three differ-
ent permutations, i.e. cll, lcl, and llc, in combination.
This extrapolated value of R
(c)
B/M ≈ 0.26 is close to (10%
lower than) the extracted R
(c)
B/M in forward rapidity re-
gion but is significantly (60%) lower than that in central
rapidity region. On the other hand, the Λ+c /D
0 ratio
as R
(c)
B/M ≈ 0.26 is about 0.32, see Eq. (33), which is
close to the thermal estimation Λ+c /D
0 ≃ 0.25 − 0.3 by
statistical hadronization model [65, 66]. In addition, we
note that the value of parameter RV/P = 1.5 in meson
production which can well describe the data of D meson
ratios in Fig. 4 is also from the thermal weight.
The following discussions are helpful to understand the
large value for the extracted R
(c)
B/M . First is the naive es-
timation from stochastic color combination. When the
charm quark moves in the medium, supposing the col-
ors of neighboring light quarks and/or antiquarks are
stochastic, then the probability of the charm quark with
specific color (e.g. R) occurring the light anti-quark with
right anti-color (R¯) to form the color singlet is 1/3, and
the probability of this charm quark occurring two light
quarks with right colors (corresponding to R¯) to form the
color singlet is 1/9. Then we have R
(c)
B/M =
1
9/
1
3 = 1/3
by stochastic color combination, which is close to ex-
traction at forward rapidities. Second is the possible ef-
fect of the correlated color combination. As the charm
quark hadronizes, the surrounding medium (those light
quarks and antiquarks) is also in the vicinity of the
hadronization. The colors of two light quarks neighbor-
ing in phase space will tend to be 3¯ states that have
attractive force. Then in single-charm baryon formation
the probability of the charm quark occurring two quarks
with right colors can be greater than 1/9 (the stochas-
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Figure 6. The prediction of pT spectra of Ξ
0
c and Ω
0
c and
their ratios to D+s in central rapidity region −0.96 < y <
0.04 in minimum-bias p-Pb collisions at
√
sNN = 5.02 TeV.
The uncertainties of pT spectra of Ξ
0
c and Ω
0
c due to that of
R
(c)
B/M = 0.425±0.025 in panel (a) are too small to be visible.
tic one) and R
(c)
B/M > 1/3. Such possible enhancement
has been studied by considering the existence of diquark
in QGP near hadronization in Refs. [40, 67, 68], which
can raise the yield ratio Λ+c /D
0 > 1.3 (corresponding to
parameter R
(c)
B/M & 1 in our model). In addition, the
wave functions of charm hadrons will also influence the
combination probability, for example, in several quark
coalescence models through hadronic Wigner function
[29, 38, 41], which suggests the significantly enhanced
ratio Λ+c /D
0 & 0.8 in relativistic heavy-ion collisions [40]
(corresponding to parameter R
(c)
B/M & 0.7 in our model).
We finally give a short summary of this subsection.
The Λ+c /D
0 ratio in our model exhibits the typical be-
havior of baryon/meson ratios as the function of pT in
quark combination mechanism. The shape of the calcu-
lated Λ+c /D
0 ratio is consistent with the preliminary data
in central and forward rapidity regions in p-Pb collisions
at
√
sNN = 5.02 TeV [56, 61]. We suggest the measure-
ment of the more precise data points, especially those for
pT . 3 GeV, in order to better test the quark combi-
nation characteristic for charm quark hadronization and
quantify the enhancement of Λ+c baryon in low pT range
in p-Pb collisions at LHC energies.
C. predictions for other hadrons and multiplicity
classes
The production of other single-charm baryons such as
Ξ0c and Ω
0
c will also exhibit the similar enhancement in
QCM. In Fig. 6, we predict the pT spectra of Ξ
0
c and
Ω0c and their ratios to D
+
s in central rapidity region
−0.96 < y < 0.04 in minimum-bias p-Pb collisions at√
sNN = 5.02 TeV. The parameter R
(c)
B/M = 0.425±0.025
is taken according to the discussion of Λ+c production
in previous subsection. We see that both Ξ0c/D
+
s and
Ω0c/D
+
s ratios exhibit the typical increase-peak-decrease
behavior as the function of pT . In addition, we note that
the magnitude of Ξ0c/D
+
s at peak position pT ≈ 3 GeV is
about 0.45 which is slightly smaller than that of Λ+c /D
0
at similar peak position. Ω0c/D
+
s ratio has the much lower
magnitude than Ξ0c/D
+
s ratio because of the strangeness
suppression. The peak position of Ω0c/D
+
s ratio is about
pT ≈ 4 GeV which is about 1 GeV larger than those of
Λ+c /D
0 and Ξ0c/D
+
s ratios. This is because the pT spec-
trum of strange quarks is flatter than that of up/down
quarks [22].
The above results are of minimum-bias events in p-
Pb collisions which have relatively small charged-particle
multiplicity dNch/dη = 17.6 at midrapidity [69]. In
fact, as indicated by the observation of collectivity and
strangeness enhancement [4, 7, 8], QGP-like medium is
most probably created in high-multiplicity events of p-
Pb collisions at LHC, and QCM should be preferably ap-
plied in these events. Results of QCM for light hadrons
have shown this point [22]. Therefore, we make pre-
dictions for pT spectra of single-charm hadrons in high-
multiplicity events for the future test. The selected mul-
tiplicity classes are I(0-5%), II(5-10%), III(10-20%) and
IV(20-40%), which are four highest multiplicity classes
in measurements of ALICE collaboration. The cross sec-
tions of charm quarks dσc/dy in the four multiplicity
classes are fixed in QCM by fitting the experimental data
of the multiplicity dependence of D meson cross sections
[70]. With R
(c)
B/M = 0.425 ± 0.025, they are taken to
be (594 ± 35, 448 ± 26, 360 ± 21, 254 ± 15) mb in four
classes, respectively. We neglect the possible effects of
energy loss for charm quarks in traveling the medium
before hadronization and use the extracted spectrum of
charm quarks in the minimum-bias events.
In Fig. 7, we show pT spectra of single-charm hadrons
in central rapidity region in different multiplicity classes
in p-Pb collisions at
√
sNN = 5.02 TeV. In Table II, we
show the pT -integrated cross sections and 〈pT 〉 of single-
charm hadrons for R
(c)
B/M = 0.425. We see that the 〈pT 〉
of charm hadrons slightly increase with multiplicity and
the increase of baryons is slightly larger than that of
mesons. This is due to the increased 〈pT 〉 of light quarks
in high-multiplicity events.
In Fig. 8, we show the ratios among different single-
charm hadrons as the function of pT in different multi-
plicity classes. We see that ratios D+/D0 and D∗+/D0
are hardly changed in different multiplicity classes. We
first note that their pT -integrated ratios Eqs. (25) and
(26) are independent of the multiplicity. Even though the
pT spectrum of up/down quarks is weakly changed in dif-
ferent multiplicity classes, as shown in Fig. 1, this change
will influence the inclusive spectra of D+, D∗+ and D0
but is significantly canceled in their ratios. As indicated
by Eq. (27), spectrum ratios D+s /D
0 and D+s /D
+are
explicitly dependent on the strangeness suppression fac-
tor λs. Because the change of λs is only about 0.02 in
the studied four multiplicity classes [22], the spectrum
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Figure 7. The prediction of pT spectra of single-charm hadrons in central rapidity region −0.96 < y < 0.04 in different
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= 0.425.
ratios D+s /D
0 and D+s /D
+also change little. The multi-
plicity dependence of ratios Λ+c /D
0, Ξ0c/D
0 and Ω0c/D
0
is more obvious than that of meson ratios but the depen-
dence is still weak. Such increased dependence is because
the formation of single-charm baryon needs a more light
quark than that of single-charm meson and therefore suf-
fers more influence of the change of light quark spectra.
IV. SUMMARY
We have studied the production of single-charm
hadrons in p-Pb collisions at
√
sNN = 5.02 TeV in
quark combination mechanism. Considering the possi-
ble creation of the dense parton medium in p-Pb col-
lisions at such extremely-high collision energies, the
charm quark hadronizes by capturing the co-moving light
quark or antiquark in dense medium to form the single-
charm hadron. We introduced a working model in the
framework of quark combination mechanism to formulate
the yields and momentum distributions of single-charm
hadrons formed by the combination of charm quarks and
light-flavor (anti-)quarks in equal-velocity combination
approximation. The data of pT spectra of D
0,+, D+s and
D∗+ mesons and spectrum ratios in central rapidity re-
gion in low pT range pT . 7 GeV in minimum-bias events
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Table II. The pT -integrated cross sections dσ/dy and 〈pT 〉
of single-charm hadrons in central rapidity region −0.96 <
y < 0.04 in different multiplicity classes p-Pb collisions at√
sNN = 5.02 TeV. The four multiplicity classes are I(0-5%),
II(5-10%), III(10-20%) and IV(20-40%), respectively.
dσ
dy
(mb) 〈pT 〉(GeV/c)
class I II III IV I II III IV
D0 246 185 149 106 2.32 2.31 2.28 2.25
D+ 103 77.8 62.7 44.4 2.38 2.37 2.34 2.31
D+s 61.9 46.7 37.1 25.5 2.41 2.40 2.39 2.35
D∗+ 104 78.8 63.5 45.0 2.44 2.43 2.40 2.36
Λ+c 127 96.4 77.8 55.4 2.45 2.44 2.39 2.34
Ξ0c 22.7 17.1 13.6 9.40 2.62 2.61 2.57 2.51
Ω0c 4.02 3.03 2.38 1.59 2.73 2.72 2.70 2.63
are well described by the quark combination mechanism.
We emphasized two important foundations in calcula-
tions: (1) the pT spectra of light-flavor quarks in the low
pT range are extracted from the data of light hadrons us-
ing quark combination mechanism also in equal-velocity
combination approximation; (2) the used pT spectrum of
charm quarks is consistent with perturbative-QCD cal-
culations.
The Λ+c /D
0 ratio in quark combination mechanism ex-
hibits a typical increase-peak-decrease behavior as the
function of pT . The shape of the ratio for pT & 3 GeV is
in agreement with the preliminary data of ALICE col-
laboration in the central rapidity region and those of
LHCb collaboration in the forward rapidity region. The
enhanced production of single-charm baryons is parame-
terized by R
(c)
B/M in the model, which is found to be quite
high at central rapidities by fitting ALICE data, i.e.,
R
(c)
B/M ≈ 0.43. It is significantly larger than that from
the empirical extrapolation from light flavor hadrons
(R
(c)
B/M ≈ 0.26). The R
(c)
B/M extracted from the prelimi-
nary data of Λ+c /D
0 ratio in forward rapidity region re-
ported by LHCb collaboration is about 0.29, which is
close to the extrapolation from light flavor hadrons. We
made discussions on the possible reasons of the enhance-
ment of R
(c)
B/M existing in literature.
We made prediction on the pT spectra of Ξ
0
c and Ω
0
c
baryons and their ratios to D+s in central rapidity region
to make further test of such significant enhancement of
charm baryons. In particular, the Ξ0c/D
+
s ratio shows
the similar enhancement with Λ+c /D
0. In addition, we
predicted the production of D mesons, Λ+c , Ξ
0
c and Ω
0
c
baryons in high multiplicity classes in p-Pb collisions at√
sNN = 5.02 TeV for the future test.
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